The high-strength concrete-filled thin-walled steel tubular (HCFTST) columns, as a relatively new type structure member, could reduce the section size to obtain the favorable architecture aesthetic effects and gain further economic benefits. In this paper, the HCFTST columns were optimized on the basis of the orthogonal array of 16 (4 5 ) with three tested parameters. The orthogonal range analysis (ORA) was utilized to research the alteration degree, and the orthogonal variance analysis (OVA) was employed to analyze the significant degree between different parameters. Moreover, the optimized combinations based on performance index including strength, ductility, and energy dissipation were recommended to offer certain reference for structural design and application. Finally, a modified damage assessment model was proposed and verified. It indicates that the HCFTST columns with reasonable design could display favorable performance and can be expected to have a widespread application in engineering structures.
Introduction
The high-strength concrete-filled thin-walled steel tubular (HCFTST) columns, as a relatively new type structure member, developed rapidly due to the use of high-strength (HS) materials. Compared to the conventional concrete-filled steel tubular (CFST) columns, it could reduce the section size to obtain the favorable architecture aesthetic effects and gain further economic benefits. For example, the fat columns in underground parking lots and libraries could be optimized to obtain the commodious building space, and the hydrogeological changes and sludge accumulation caused by the high water resistance rate of large bridge piers could also be ameliorated better by adopting HCFTST columns [1] [2] [3] . During the past decades, many scholars have conducted detailed researches on conventional CFST columns under compression-bending coupling loads [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . For instance, Sakino and Tomii [4] revealed that the square CFST columns subjected to low-cycle loading had more obvious strength degradation with the increase of axial compression ratios, but the strength of all tested columns tended to be stable after transition period. Boyd et al. [6] studied the hysteretic performance circular CFST columns, and their research indicated that the thick steel tubes and shear connectors could improve the strength of core concrete and energy dissipation capacity of the composite columns. Marson and Bruneau [7] investigated the energy dissipation, strength, and ductility of the circular CFST columns, suggesting that the ductility of all tested columns was good, and all columns could reach the lateral drift of 7% before the significant loss in moment-bearing capacity as a result of cracks opening on the local buckles. Susantha et al. [9] performed nonlinear numerical analysis about hysteretic behavior of CFST columns and proposed a numerical model to predict the hysteretic behavior. Gajalakshmi and Helena [11] examined the cumulative damage of circular CFST columns and established a simplified equation to predict damage index. Lee [13] studied the momentcurvature formulas of high-strength concrete-filled steel square tube (HCFT) columns, and design formulas to estimate the axial load-moment-curvature were proposed based on experimental results. In addition, Elremaily and Azizinamini [14] , Varma et al. [15, 16] , and Skalomenos et al. [17] investigated the hysteretic behavior of CFST columns using HS steel or concrete, indicating that using HS materials could promote the hysteretic behavior of CFST columns to a certain degree. Certainly, the abovementioned studies did great efforts to help understand the behavior of CFST columns under compression-bending coupling.
However, it is noteworthy that the aforementioned researches were mainly aimed at the traditional concretefilled thick-walled steel tubular columns and no HS thinwalled steel tubes were utilized in their studies. Overall, the studies about HCFTST columns were found lacking. As for the HCFTST columns, the confined effects, utilization coefficient of HS materials, and optimized collocation of HS steel and concrete under compression-bending coupling loads are different with the traditional CFST columns. The effects of diameter-to-thickness (D/t) ratio, axial compression, and materials strength on performance are still uncertain. Therefore, more investigations about HCFTST columns are needed to examine the variety of mechanical property and promote the wide application.
In this paper, the HCFTST columns under compressionbending coupling were optimized on the basis of the orthogonal array of 16 (4 5 ) with three tested parameters. The orthogonal analysis was utilized to research the alteration degree and the significant degree between different parameters. The detailed analysis including bearing capacity, ductility, and energy dissipation capacity was discussed. Moreover, the optimized combinations based on performance index were recommended to offer basic references. Finally, a modified damage assessment model was proposed and verified, which can be applied in performance evaluation of HCFTST columns.
Experimental Design

Specimen Design.
Orthogonal experimental design (OED) [18, 19] is a method to examine the influence of multiple parameters and varied levels on the specific performance, which selects test examples from comprehensive test based on the orthogonality. Compared to disadvantages of traditional comprehensive test, OED is an efficient, fast, and economical test method [20, 21] . The test parameters including diameter-to-thickness (D/t) ratio, concrete cylinder compressive strength ( c ), and axial compression ratio (n) were determined through OED to investigate the effects on performance. Q690 HS steel (yield strength ≥ 690MPa), HS concrete (cylinder compression strength ≥ 60MPa), and common-strength (CS) concrete ( < 60MPa) were designed in this study. A summary of the specimens is shown in Table 1 . The axial compression ratio (n) was defined by = / 0 , where is the axial load applied on the HCFTST columns and 0 is the nominal squash load calculated by 0 = + 0.85 , where and are the cross-sectional areas of steel tube and core concrete, respectively [16] .
The design details of all aforementioned specimens are shown in Figure 1 . The height of the HCFTST columns was 525 mm, and a reinforced concrete (RC) foundation was built for the convenience of applying cyclic loads. The cross section sizes of the RC foundation were 1200 × 450 × 420 mm (length × width × height) and 1200 × 500 × 420 mm, where the former was adopted by the HCFTST columns with diameters 140 mm and 180 mm and the latter was applied to the other specimens. HS steel bars were used to prevent the RC foundations from failure during test.
Test Procedure.
The loading apparatus adopted for the test shown in Figure 2 (a) enables the application of the constant axial compressive load combining cyclic lateral load. The axial force was applied by the hydraulic jack. The MTS 244.51 actuator was used to apply cyclic lateral load. The lateral force and displacement were monitored by the transducers of the actuator. During the test, preloading procedure was conducted to ensure the equipment ran normally. If all was in order, the axial load was applied firstly to the targeted value and then kept constant during testing. Afterwards the lateral force was cycled under the displacement control mode as shown in Figure 2 (b). 
Orthogonal Analysis Based on Performance
In this paper, the orthogonal analysis was adopted to investigate effects on the performance indices under the altered levels of different parameters aforementioned [19] [20] [21] . Firstly, the orthogonal range analysis (ORA) was utilized to examine the alteration degree of a specific parameter and the orthogonal variance analysis (OVA) was also employed to analyze the significant degree between different parameters. Finally, the optimized combinations based on seismic performance index including strength, ductility, and energy dissipation were recommended to offer certain reference for structural design and application.
Orthogonal Range Analysis.
After the test, the lateral load-displacement hysteretic curves of all specimens could be obtained. Taking specimen HCFTST-2-3-4 as an example, Figure 3 (a) shows the hysteretic curve, in which the local buckling and steel fracture were marked. The skeleton curves were constructed by connecting maximum load point at each displacement level according to the hysteretic curve, and the general yield moment (GYM) method was used to obtain the yield point (Δy,P y ) in Figure 3 (b). Besides, the ultimate failure point is defined as (Δu,P u ), where Δu is the displacement when the load decreases to P u = 0.85P m . The peak point is (Δm,P m ). Further, the energy dissipation shown in Figure 3 (c) was conducted through area integral based on the hysteretic loops. The ductility could be calculated by u = Δu/Δy. Then the ORA could be conducted based on the aforementioned results. The procedure of ORA can be obtained by
where R j P is the range of the jth parameter, S i j is the average index value of the ith level at jth parameter, T i j is the tested indices values of ith level of jth parameter, and k j is the level number of jth parameter.
The ORA based on strength is shown in Figure 4 , in which the parameter D/t ratio has the maximum range indicating that the bearing capacity of HCFTST columns varies mostly with the increasing D/t from 70 to 130. On the other hand, improving D/t when keeping wall thickness of steel tube constant, namely, enhancing cross section, can promote bearing capacity directly. For concrete strength and axial compression ratio, though a drop occurs after the third level, there is still slow growth of mean values on the whole. The asymmetric damage propagation develops obviously resulting in the degradation of negative direction for parameter f c and n due to fragility of HS concrete and loss of confined constraint effect under thin-walled condition as shown in Figure 4 .
As for the analysis of ductility index shown in Figure 5 , it indicates that the ductility decreases with the increase of the D/t ratio in general due to the shear cracks easily expanding under larger D/t ratio. Although the discrepant fluctuation exists in positive and negative direction, for the mean ductility, using HS concrete (f c ≥ 78.6MPa) could enhance the ductility more than CS concrete evidently. What is more, the ductility fluctuates significantly within the tested axial compression ratio. It is because that enhancement of axial load makes the HS material produce evident deformation, which can work together better with core concrete to improve the seismic behavior due to the ameliorating brittleness of HS concrete and attenuating local buckling of thin-walled steel tube.
The ORA result based on ultimate energy dissipation can be observed in Figure 6 , in which concrete strength has little influence on the ultimate energy dissipation compared with the D/t ratio and axial compression ratio. Improving the D/t ratio can significantly promote the ultimate energy dissipation with augmenting volume under constant energy dissipation density. Besides, due to the increasing axial compression ratio, the ductility and confined effect get promoted; as a result more dissipated energy is needed to reach the same deformation under cyclic loading.
Orthogonal Variance Analysis.
The ORA cannot distinguish the data fluctuation caused by the level variation of different parameters with the test error; therefore it is vital to conduct significance test using OVA to examine whether the impact of each parameter on the tested performance indices is significant at specified significance degree or not based on the mathematical statistics and probability theory. Figure 7 shows the procedure of OVA in detail, in which T A is the average value of specific performance index; n is the total test number; f e is the freedom of test error; f j is the freedom of jth parameter; and V j , V T , and V e are the variance of jth parameter, total variance, and error variance, respectively. As is shown in Figure 8 , the final F is the random variable for significance test, which submits to the F-distribution marked as F ∼ F(f j , f e ). The probability density function of F-distribution is expressed as follows:
Mathematical Problems in Engineering In general, the following equation can be utilized to judge the significant degree:
where is the confidence level. When the variable F satisfies the equation F > F (f f , f e ), then there is a probability of 1 − accepting the impacts on tested performance indices of certain parameters. From Figure 9 , it can be drawn that the tested parameters in this paper have larger significant impacts on the strength index including peak load and ultimate load; besides, the D/t ratio and axial compression ratio display more obvious significance on the ductility and energy dissipation than concrete strength. Moreover, for Q690 HCFTST columns it is fatal to realize the fact that only increasing the concrete strength can slightly influence ameliorating ductility and promoting energy dissipation capacity, so the reasonable alternative type is to conduct optimized collocation considering the strength, ductility, and energy dissipation comprehensively.
Optimized Combination.
In this section the optimized combinations for better performance were recommended based on the ORA and OVA aforementioned. First of all, the ranges of fluctuation for each performance index were ranked in descending order by the tested parameters as shown in Table 2 . The numbers in Table 2 are the level numbers of tested parameters according to Table 1 . The underlines of the ranking indicate that both varied levels are equivalent by ignoring the test errors among 2%. For a certain performance, the principle for optimized combination is that if one level under a specified parameter for the vested performance index has the lowest ranking, then the effect on the performance of this level should not be considered preferentially. Furthermore, based on results of OVA, the levels having higher ranking of superior significant parameters should be preferred at first. Compared to OED method in this paper, there will be sixty-four specimens needed when using the comprehensive experimental method under the condition of three parameters and four levels. Therefore the optimized combination based on performance including strength, ductility, and energy dissipation should be utilized to evaluate the tested specimens and offer four optimized combinations for each series of HCFTST columns among sixty-four potential combinations of comprehensive test. The evaluation ranking based on the overall performance can be seen for each series, and optimized combinations using HS materials are recommended in Table 3 . Obviously, for different D/t ratios the specimens using HS materials could achieve the best optimized comprehensive behavior under higher axial compression ratio within test scope, which also indicates that the CFST columns using HS core concrete restrained by HS thin-walled steel tube could exhibit their potential advantages under higher axial compression level than CFST columns using CS materials.
Damage Assessment Model
In design of HCFTST columns, it is generally necessary to carry out damage assessment. The single parameter damage model was often used to estimate the damage degree. However, a large deviation when adopting different damage parameters would occur. Figure 10 depicts the different damage tendency based on stiffness degradation and energy dissipation, respectively. To overcome the disadvantage above, double parameter Park-Ang damage model was proposed to balance the deviation [22] . It should be noted that the model was used for the damage assessment of reinforced concrete structures and cannot be applied to HCFTST columns directly, because the mechanical property is completely different between two structures. Therefore, Wu et al. [23] proposed a double parameter damage model of conventional CFST columns to conduct damage-based design based on the Park-Ang model. In this paper, a modified double parameter damage model based on stiffness degradation and dissipated energy was established to estimate the damage of HCFTST columns. The asymmetric energy dissipation was taken into consideration [24] . The modified model is as follows:
where D cd is the cumulative damage value; K 0 is initial tangent stiffness and K i is the residual stiffness at ith deformation level; E t and E i are monotonous ultimate dissipated 8 Mathematical Problems in Engineering energy and accumulated energy at ith drift ratio; E t could be calculated by the skeleton curve; and E Pi and E Ni are the energy dissipation of the half loop of the positive and negative direction at ith deformation level. Moreover, the residual stiffness could be expressed as
As for the , it is the dissipated energy coefficient to counterpoise the deviation between the stiffness degradation and dissipated energy, which could be derived by the final failure state D cd = 1 based on the data statistic:
where is the confined effect coefficient and can be expressed as = f y A s /(f c A c ). A s and A c are the cross section area of steel tube and core concrete, respectively. In contrast, the confined effect coefficient of Wu model is as follows: Figure 11 displayed damage assessment examples of tested specimens. Four damage development curves were presented. The first is the assessment result of the modified model in this paper; the second is the result calculated through (6) by ignoring asymmetric energy; the third curve is obtained by (6) and (9); the last curve is the damage assessment of the Wu model. The assessment results indicate that the damage tendency of the proposed model expands slightly larger than the second curve, which is due to the tiny asymmetric damage during symmetrical loading. The distinct dissimilarity between the first, third, and the last curve indicates that the confined effect coefficient obtained by (9) underestimates the cumulative damage degree obviously with the increasing of drift ratios. The confined coefficient ( ) in (9) is actually derived from traditional CFST columns, and it often has more thicker steel tubes due to the lower steel yield strength and concrete strength under the same conditions. With continuing cyclic loading, the thick steel tubes of traditional CFST columns could offer adequate confined effects to delay the crushing of core concrete. Contrarily, the tested HCFTST columns have thin-walled HS steel tubes, so they easily promote the damage growth after the initial local buckling. Therefore, the confined coefficient ( ) of traditional CFST columns in (9) cannot reflect the true cumulative damage of HCFTST columns, especially the damage development after the local buckling of thin-walled HS steel tubes.
The damage summary of all tested specimens is shown in Figure 12 , in which the damage thresholds of different performance levels were offered based on the experimental phenomena. The HCFTST columns with damage values below 0.1 are basically intact. In minor damage (0.1 < D ≤ 0.3) state, the columns enter into the elasto-plastic working period and the cracks develop gradually in concrete of tensile zone under the cyclic compression-bending coupling. With the emerging of initial local buckling, the HCFTST columns enter into the moderate damage (0.3 < D ≤ 0.6) accompanied by core concrete crushing. It can be observed that the cumulative damage values have a faster increase as the local buckling appears at drift ratio 2%∼3%. The HCFTST columns can still resist the axial and cyclic lateral load ting. After the rupture of the HS thin-walled steel tubes at the drift ratios of 6%∼7%, the columns are subjected to severe damage with the cumulative damage values within the scope of 0.6 < D ≤ 0.85. When the drift ratios reach 8%, the tested columns with cumulative damage values over 0.85 cannot sustain the cyclic loading and would collapse. Through the damage estimation of the HFCFTST columns, it can be concluded that the columns in minor damage period generally can continue work without mending. The columns in moderate damage stage need to be repaired appropriately for continued use. When in severe damage period, the columns should be repaired thoroughly or the partial components of those columns should be replaced. Further, when in collapse stage, the structures could not continue to work and should be removed thoroughly.
Conclusions
In this paper, the performance of Q690 HCFTST columns under compression-bending coupling was optimized on the basis of the orthogonal theory, and a modified damage assessment model was proposed. Some important conclusions could be drawn within the limited research scope:
(1) The orthogonal analysis result indicates that the tested parameters have larger significant impacts on the strength index including peak loads and ultimate loads; besides, the D/t ratio and axial compression ratio display more obvious significance on the ductility and energy dissipation than concrete strength. (2) The CFST columns using HS core concrete restrained by HS thin-walled steel tube could exhibit their potential advantages under higher axial compression level than CFST columns using CS materials. Moreover, for HCFTST columns it is fatal to realize the fact that only increasing the concrete strength can slightly influence ameliorating ductility and promoting energy dissipation capacity, so the reasonable alternative type is to conduct optimized collocation considering the strength, ductility, and energy dissipation comprehensively. (3) A modified double parameter damage model based on stiffness degradation and dissipated energy was established to estimate the damage of Q690 HCFTST columns. The quantization of damage degree in different working condition of life cycle was conducted to provide basic references for damage-based design. (4) The research in this paper indicates that the Q690
HCFTST columns with reasonable design could display favorable performance and can be expected to have a widespread application in engineering structures.
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